International Journal of Nanomedicine 



Dovepress 

open access to scientific and medical research 



Q Open 



Access Full Text Article 



ORIGINAL RESEARCH 



Synthesis, characterization, and evaluation 
of antibacterial effect of Ag nanoparticles 
against Escherichia coli 0 1 57:H7 and methicillin- 
resistant Staphylococcus aureus (MRSA) 



Daissy Parades' 
Claudia Ortiz^ 
Rodrigo Torres' 

'Escuela de Qui'mica, Facultad 
de Ciencias, Universidad Industrial 
de Santander, Colombia; ^Escuela 
de Bacteriologi'a y Laboratorio 
Ch'nico, Facultad de Salud, 
Universidad Industrial de 
Santander, Colombia 



Correspondence: Claudia Ortiz 
Escuela de Bacteriologi'a y Laboratorio 
Ch'nico, Facultad de Salud, Universidad 
Industrial de Santander, Cra 27 Calle 9 
Ciudad Universitaria, Bucaramanga, 
Colombia 

Email ortizc@uis.edu.co 



This article was published In the following Dove Press journal: 
International Journal of Nanomedicine 
3 April 2014 

Number of times this article has been viewed 



Abstract: Silver nanoparticles (AgNPs) have been shown great interest because of their potential 
antibacterial effect. Recently, this has been increased due to resistance in some pathogenic 
bacteria strains to conventional antibiotics, which has initiated new studies to search for more 
effective treatments against resistant microorganisms. For these reasons, AgNPs have become 
an important approach for applications in nanobiotechnology in the development of antibiotic 
treatment of different bacterial infections. This study was aimed at synthesizing AgNPs using 
cysteine as a reducer agent and cetyl-tri-methyl-ammonium bromide as a stabilizer in order to 
obtain more efficient treatment against the pathogen hactQrm Escherichia coli 0157:H7. These 
AgNPs were characterized through UV-Vis spectroscopy, transmission electron microscopy, 
and dynamic light scattering. From these analyses, formation of spherical nanoparticles with 
an average size of 55 nm was confirmed. Finally, minimal inhibitory concentration (MIC) and 
minimal bactericide concentration (MBC) of these AgNPs against pathogenic strains E. coli 
0157:H7 and methicillin-resistant Staphylococcus aureus (MRSA) were determined in both 
solid and liquid media. MIC and MBC values were around 0.25 |ig/mL and 1 jig/mL, respec- 
tively. These parameters were comparable to those reported in the literature and were even more 
effective than other synthesized AgNPs. 

Keywords: nanomaterials, antibacterial activity, minimal inhibitory concentration, MIC, 
minimal bactericide concentration, MBC 

Introduction 

During the last decade, different studies on basic and applied nanobiotechnology have 
been conducted. These studies have been especially directed tow^ards obtaining new 
materials w^ith nanometer- scale applications.^'^ 

Among these nanomaterials, silver nanoparticles (AgNPs) have show^n very 
unusual physical and chemical properties, as M^ell as several biological activities.^ 
AgNPs possess both high electrical and thermal conductivity, have a large surface 
area for Raman dispersion, catalytic activity, non-linear behavior,"^'^ and prominent 
antibacterial properties, caused mainly by their large surface area to volume ratio. ^ 
Moreover, AgNPs can be produced using different synthetic methodologies, thus 
providing specific morphologies and unique characteristics.^ 

Consequently, AgNPs are arising as nev^^ bacteriostatic agents, because they 
are comparable in efficacy and even more potent antimicrobial compounds than 
conventional antibiotics.^ Infectious diseases, caused by pathogenic and opportunistic 
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bacteria in hospitals, have instigated the development of 
both new pharmaceuticals and therapeutic targets. Few new 
antibiotics have been introduced by the pharmaceutical 
industry, and none of them have improved activity against 
multi-resistant bacteria.^ However, AgNPs,^ which are 
diverse compounds comprising silver, such as materials 
containing ionic silver (Ag+)^° or metallic silver (Ag^),^^ have 
been recently synthesized and demonstrated antimicrobial 
activity against Gram-negative bacteria such as Escherichia 
coli}^ In recent years, various methods have been employed 
to obtain AgNPs, involving the use of toxic reducing and 
stabilizing reagents. Currently, new strategies for obtaining 
NPs are being tested, using less aggressive compounds to 
the environment; therefore, they are called green synthesis 
techniques. For example, the effectiveness of cysteine as 
a reducing agent and some polymers as stabilizing agents 
have already been demonstrated.^^ Furthermore, the use 
of polymers, such as surfactant polyvinyl alcohol (PVA), 
influences the size, aggregation, and distribution of the NPs in 
the colloidal system, and therefore increases NP stability. 

Although most E. coli strains are non-pathogenic, some 
variants, such as E. coli 0151 -.HI produce verotoxins (toxins 
identical to those produced by Shigella dysenteriaey^ and 
cause diarrhea and abdominal cramps. This strain is consid- 
ered to be the most pathogenic variant of ^. coli. Outbreaks of 
E. coli 0 1 57:H7 have been associated with food consumption 
from animal sources (eg, meat that has not been properly 
cooked^^ or contaminated water^^). It has been estimated that 
these bacteria can cause more than 73,000 cases of disease 
per year in the US, and has been implicated in 250 deaths. 
In addition, E. coli can cause gastroenteritis, infections in the 
urinary tract, and neonatal meningitis. In rare cases, these 
pathogenic strains are also responsible for uremic hemolytic 
syndrome. 

Microbial infection by E. coli 0 1 57:H7 has become more 
common in children younger than 5 years, with high propor- 
tions of morbidity. It is estimated that between 0.6%-2.4% 
and specifically 15%-36% of all diarrhea with blood are 
caused by E. coli 0 1 57:H7.^^ The prevalence rate of 4.7% for 
this strain in Colombia^^ has been found in one study carried 
out in Spain, Argentina, Chile, Canada, and Belgium.^^ 

Methicillin-resistant Staphylococcus aureus (MRSA) 
is another important pathogen that can be treated in order 
to eliminate hospital infections. In humans, MRSA can 
be caused by skin surface injuries and local abscesses, as 
well as infections in the central nervous system, or dis- 
eases such as osteomyelitis, invasive endocarditis, septic 
arthritis, septicemia, pneumonia, and infections in the 
urinary tract.^"^ For example, in 2004, more than 60% of all 
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S. aureus isolated from Spanish hospitals were methicil- 
lin resistant.^^ In the US, 46.3 per 1,000 of hospitalized 
patients were colonized or infected by MRSA.^^ In Spain, 
the prevalence of MRSA increased from 1.5% in 1986 to 
31.2% in 2002,^^ with similar prevalence data for the rest 
of Europe. In the same way, bacterial infections caused by 
MRSA have resulted in 25%-63% mortality in some Latin 
American countries.^^ 

For these reasons, it is very important to control the 
pathogen strains of E. coli and S. aureus, by avoiding 
their microbial growth by means of new non-conventional 
bacteriostatic agents. Among the range of compounds with 
bactericidal activity, AgNPs represent a very promising 
antibacterial agent that could be useful for the treatment of 
resistant bacteria.^^ Other studies have shown that decreasing 
the size of AgNPs increases the antimicrobial activity of NPs, 
due to the increased surface area of AgNPs, which promotes 
higher interaction between NPs and the cell membrane. 
Furthermore, it has been shown that the use of cationic 
surfactants increases electrostatic interaction and therefore 
prevents aggregation of the NPs. 

In this study, we present a simple route of AgNP synthe- 
sis, using cysteine as the reducing agent at mild conditions, 
and by stabilizing these synthesized NPs with cetyl-tri- 
methyl- ammonium bromide (CTAB). Synthesis of AgNPs 
employing amino acids as non-conventional reducing agents 
allows the acquisition of colloidal and stable AgNPs, of small 
sizes and displaying prominent antibacterial properties, 
without further purification steps. 

Materials and methods 

Materials and strains 

Silver nitrate (AgN03, 99.998%) and L-cysteine 
(C3H^N02S, >99%) were purchased fi-om Merck (Darmstadt, 
Germany). CTAB (99%) and PVA (99+%) were obtained 
from Sigma- Aldrich (St Louis, MO, USA). All reagents used 
in this study were of analytical grade and were used without 
further purification. 

Pathogenic strain E. coli 0157:H7 was obtained from 
Laboratorio de Biotecnologia, Pontificia Universidad 
Javeriana, Bogota, Colombia, and MRSA was donated 
by Hospital Universitario de Santander, Bucaramanga, 
Colombia. E. coli 0157:H7 and MRSA were kept on brain 
heart infusion (BHI) agar slants (Oxoid, Basingstoke, UK). 

Synthesis of AgNPs 

The synthesis of AgNPs was carried out according to the 
method of Khan et al,^^ with some modifications. A solution 
of 0.01 M cysteine and 0.01 M CTAB was mixed and gently 



International Journal of Nanomedicine 2014:9 



DoveT>i-#=»<;Q 



Antibacterial activity of AgNPs on £. co// 0 1 57:H7 and MRSA 



shaken. Subsequently, deionized water was added in order 
to obtain a final volume of 50 mL. Finally, PVA was added 
at a final concentration of 0.02% (w/v). A red- wine color 
change indicates the formation of the AgNPs. Additionally, 
AgNP synthesis was standardized using different agitation 
rates (200, 400, and 800 rpm), agitation times (1, 2, and 
4 hours), and by ultrasonic treatment of 40 Hz at different 
times (1,2, and 4 hours). In this work, we indicate the best 
results in terms of time stability of AgNPs and higher anti- 
microbial activities. 

Physical and chemical 
characterization of AgNPs 

AgNPs were characterized using the following analytical 
techniques: a) UV-Vis (ultraviolet- visible) spectropho- 
tometry with a Shimadzu UV- 160 1-1 601 PC spectro- 
photometer (Kyoto, Japan), using a scan from 300 nm to 
600 nm; b) transmission electron microscopy (TEM) using 
a FEI Tecnai F20 (Hillsboro, ON, USA), at the Center 
for Materials Research (Cornell University, Ithaca, NY, 
USA); c) light scattering in dynamic mode (DLS) using 
a Malvern Zetasizer Nano-ZS (Malvern Instruments, 
Malvern, UK), and d) zeta potential determination with 
a Malvern Zetasizer Nano-ZS, using a sample volume of 
the colloidal solution of NPs (1.5 mL) with a concentra- 
tion range of 100-200 ppm; crystalline phase of the NPs 
was determined by X-ray diffraction (XRD) using a dif- 
fractometer (Philips, Eindhoven, the Netherlands) at a 
scan rate of 0.02 s"^ in a 20 range of 20°-80° with CuKa 
radiation (A^ 1.54 18 A). 

The particle size and shape were observed by TEM using 
a Philips CM200 instrument operating at 200 kV accelerat- 
ing voltage. The prepared silver suspensions were diluted 
at 20x with deionized water. A drop of the suspension was 
applied to a Formvar-coated copper grid. 

Determination of the MIC of AgNPs 

The MIC is defined as the lowest concentration of material 
that inhibits the growth of an organism, and was determined 
in multi-well culture plates of 96 wells according to standard 
protocols previously published.^^'^^ 

In general, E. coli 0157:H7 and MRSA were grown in 
liquid Luria-Bertani (LB) medium at 37°C and 250 rpm 
over 9 hours, before they were diluted in fresh LB liquid 
medium using 5x10^ colony forming units (CFU)/mL and 
7x10^ CFU/mL as the inoculum, respectively, without con- 
trol and in the presence of different concentrations of AgNPs 
(0.5, 1,5, 10, 20, and 50 |lg/mL). Gradient concentrations 
of NPs (0.5, 1, 5, 10, 20, and 50 |ig/mL) were then added to 
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the culture medium. Bacteria/NP mixed cultures were tested 
using a microplate reader (Biorad, Hercules, CA, USA) at 
37°C on a rotary shaker at 200 rpm.^"^'^^ At intervals of 1 hour, 
and over a culture time of 9 hours, optical density (OD) at 
595 nm was determined for bacterial cell growth. 

The MIC was defined as the lowest concentration of 
AgNPs that produces inhibition of bacterial growth. Values 
of MIC^^ and MIC^^ corresponded to doses that inhibit 99% 
and 90% of bacterial growth, respectively. 

Determination of AgNP antibacterial 
activity by disc diffusion test 

We tested the antibacterial activity of AgNPs using a 
Mueller-Hinton (MH) agar culture medium (Merck KGaA, 
Darmstadt, Germany) as described in the diffusion disc 
method commonly used for antibiotics.^^ The samples were 
inoculated (10^ CFU/mL^^) in petri dishes with MH medium 
agar and then paper disks of 5 mm in diameter were laid on 
the inoculated test organism, which was instilled with AgNPs 
at different concentrations (1,5, 10, and 20-50 |lg/mL). We 
incubated the petri dishes at 37°C over 24 hours and anti- 
microbial activity was determined by measuring the zone 
inhibition around the disk. The mean and standard deviation 
reported for each type of NP and each microbial strain was 
tested in triplicate. 

Determination of MBC of AgNPs 

The MBC is defined as the lowest concentration of NPs 
that kills 100% of the bacteria, and was also determined 
using the multi-well culture plate studies carried out for 
MIC determinations.^^ For MIC^^, the presence of viable 
microorganisms was tested, and the lowest concentration 
causing a bactericidal effect was reported as MBC. To test 
for the bactericidal effect, we transferred the contents of each 
well (200 mL) in an Eppendorf tube (Eppendorf, Hamburg, 
Germany) with 2 mL of BHI medium, which was then incu- 
bated at 37°C for 12 hours. Finally, from the cultures where 
no turbidity was observed, we withdrew 20 mL of this culture, 
which was inoculated on BHI agar and incubated at 37°C for 
24 hours. The concentrations of AgNPs causing bactericidal 
effect were selected based on the absence of colonies on the 
agar plate. The MBC value was defined as the AgNP concen- 
tration where 100% of bacterial growth was inhibited when 
compared to a positive control (no treatment with AgNPs). 

Results 

Characterization of AgNPs 

A set of twelve different types of AgNP was synthesized 
at different reaction conditions (see Materials and methods 
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section). We characterized AgNPs using TEM, DLS, UV-Vis, 
and zeta potential (Figure 1). 

TEM images of AgNPs are shown in Figure 1 A, which 
confirmed that AgNPs were in the nano-range and were mostly 
spherical in shape. In addition, the presence of long non- 
linear agglomerated chains was observed, which indicates 
interactions among AgNPs. DLS analyses showed that the 
mean size of AgNPs was < 100 nm and zeta potential mea- 
surements revealed that AgNPs presented a surface charge 
near to zero (Figure IB-D). UV-VIS showed an absorption 
shoulder at 420-450 nm. The Ag-NPs were observed with a 
particular plasmon resonance at 420 nm. The observation of 
this peak was measured at regular time intervals to determine 
their stability, displaying a characteristic surface plasmon 
resonant of AgNPs.^^ ^o 

Figure 2 shows the XRD pattern of Ag-NPs using 
cysteine as the reducer agent. These patterns were compared 
and interpreted with standard data from the International 
Centre of Diffraction Data. The peak characteristics for 
silver were consistent with a face-centered cubic system. 
Main peaks at 29 of 38.08°, 44.32°, and 64.5° correspond 
to cubic facet (111), (200), and (220), respectively. The 
XRD spectrum confirmed the crystalline structure of silver 
nanoparticles."^^ All peaks in the X-ray diffractogram can be 
easily indexed to a cubic structure centered in the face of 
the silver according to available literature (Joint Committee 



on Powder Diffraction Standards, No 4-0783). This struc- 
tural characterization allowed the confirmation of the silver 
composition of the NPs. 

However, different peaks in the sample indicated the pres- 
ence of impurities, probably AgBr, with its facet of bromar- 
gyrite with a hexoctahedral crystalline system. This impurity 
could be produced by electrostatic interactions between 
the bromide ion (Br") from CTAB and non-reduced Ag+ in 
solution. The stability of the colloidal solution of AgNPs was 
evaluated at different times. One month after the formation 
of the AgNPs, these NPs aggregated and lost their physical, 
chemical, and antibacterial properties (Figure 3). 

Summarized analyses of physical properties determined for 
the AgNPs synthesized with different agitation conditions at 
pH4.0 can be found in Table 1 . DLS analyses showed that AgNPs 
achieved mean hydrodynamic sizes of 20.49+1 .00 nm (Type 1) 
when we employed agitation of 200 rpm over 1 hour. 

It has been described in the literature that a red-shift in 
the UV- visible spectrum indicates growth inNP size."^^ In our 
case, type 1 and 3 AgNPs showed a red-shift with respect to 
maximum wavelength (with reference to 400 nm), which sug- 
gests an increase in NP size. On the other hand, a blue-shift 
was observed for type 2 AgNPs, which indicates a decrease 
in the particle size of the AgNPs. 

The physical properties of AgNPs obtained at pH 7.0 
are shown in Table 2. These AgNPs were synthesized at 




Figure I Characterization of AgNPs synthesized by cysteine reduction at low agitation (200 rpm) for I hour. (A) TEM images; (B) DLS; (C) UV-Vis spectrum; (D) zeta 
potential at pH =7.0; (E) DLS of AgNPs after 3 months of synthesis; (F) zeta potential at pH =7.0 after 3 months of synthesis. 
Abbreviations: AgNPs, silver nanoparticles; DLS, dynamic light scattering; TEM, transmission electron microscopy. 
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Table I Characterization of AgNPs synthesized by cysteine 
reduction at different reaction conditions at pH =4.0 



Figure 2 XRD spectra for the three samples of AgNPs. 
Abbreviations: AgNPs, silver nanoparticles; XRD, X-ray diffraction. 



pH 4.0 and the pH was adjusted to 7.0 in order to carry 
out antimicrobial tests at the same pH of the bacterial cell 
cultures. Small changes in the mean sizes of the AgNPs were 
observed, while surface charge was dramatically affected 
by pH variation (from pH 4.0 to pH 7.0). It is possible that 
increasing the pH from 4.0 to 7.0 affected NP stability, caus- 
ing agglomeration of the AgNPs over time. 

Antibacterial activity of AgNPs against 
£ CO// 0 1 57:H7 and MRSA 

Evaluation of bacteriostatic activity of AgNPs was carried out 
by determining the MIC of AgNPs for both coli 0157:H7 
and MRSA using two different methodologies. 

The results of bacterial growth kinetics in the presence of 
different concentrations of AgNPs are shown in Figures 4 and 5. 




Type of 


Stabilization 


Average 


Pdl 


Surface 


max 


AgNPs 


method 


size (nm) 




charge (mV) 


(nm) 


1 


Low agitation: 


20.49+1.00 


0.223 


+23.37 


405 




200 rpm for 












1 hour 










2 


High agitation: 
800 rpm for 
4 hours 


97.22+5.38 


0.28! 


+ 1 1.4 


416 


3 


Stabilization 
1 hour by 
ultrasound 


64.77+3.12 


0.409 


+ 18.3 


404 



Abbreviations: AgNPs, silver nanoparticles; Pdl, polydlspersity Index. 

Bacterial cultures of E. coli 0157:H7 and MRSA showed 
typical kinetics of bacterial growth. However, AgNPs clearly 
affected growth curves, as a decrease of the absorbance was 
observed in the presence of low concentrations of AgNPs. This 
effect can be attributed to cell death in the stationary phase.^^ 
In batch mode for multi-well culture microplates, a longer 
lag phase and lower maximum absorbance (at 595 nm) were 
observed as the concentration of AgNPs was increased. As 
the concentration of NPs increased to the MIC of the respec- 
tive strains, no growth was observed. The bactericidal effect 
of the NPs was dependent on the concentration of NPs and 
the initial bacterial concentration. In this study, MIC^^ of 0.25 
|ig/mL of AgNPs for MRSA and 0.50 jig/mL of AgNPs for 
coli 0157:H7 were obtained (Table 3). The inhibitory activ- 
ity of the AgNPs was also evaluated through diffusion disc 
methodology (Figure 6 and Table 4). The diameter values of 
the mean inhibition zones for paper discs soaked with different 
concentrations of AgNPs are shown in Table 4. 

AgNP type 1 (particle mean size of 36 nm) exhibited 
higher antibacterial activity for both pathogen strains 
compared to data for commercial antibiotic, with MIC values 
from 0.25 |lg/mL to 20 |lg/mL. For instance, gentamicin 
shows a MIC of 64 |ig/mL for MRSA and amikacin a MIC 

Table 2 Characterization of AgNPs synthesized by cysteine 
reduction at different reaction conditions at pH =7.0 



Type of Stabilization Average Pdl 
AgNPs method size (nm) 



Surface A- 

max 

charge (mV) (nm) 



Figure 3 Sedimentation of AgNPs at different times. AgNPs were synthesized by 
cysteine reduction at high agitation (800 rpm) for 4 hours. (A) I day; (B) 8 days; 
(C) 15 days; (D) 30 days. 
Abbreviation: AgNPs, silver nanoparticles. 



1 Low agitation: 36.16+0.72 0.434 -0.42 405 
200 rpm for 

I hour 

2 High agitation: ||3.37±4.65 0.852 -8.70 416 
800 rpm for 

4 hours 

3 Stabilization 78.50+1.42 0.906 -2.29 404 
I hour by 

ultrasound 

Abbreviations: AgNPs, silver nanoparticles; Pdl, polydispersity index. 
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of 0.50 |lg/mL for E. coli?^ We found bactericidal activity 
against MRSA and E. coli 0157:H7 for all types of AgNPs 
used in this study (Figure 7). Both strains depicted high 
sensitivity for AgNP type, with MBCs of 0.50 |lg/mL and 
1 |lg/mL for MRSA and E. coli 0157:H7, respectively 
(Table 5). 

Discussion 

AgNPs were synthesized following the methodology 
described by Khan et al,^^ under different agitation modes. 
Synthesis of AgNPs by agitation with a magnetic stirrer at 
200 rpm over 1 hour was more efficient for obtaining NPs 
with small sizes (Table 1). Ultrasonic agitation was not very 
effective for the synthesis of small AgNPs. On the other 



hand, AgNP type 1 displayed lower surface charge (zeta 
potential =-0.51 mV) at pH 7.0, suggesting that mechani- 
cal agitation and increasing pH could affect the zeta poten- 
tial of NPs. 

The absorption UV-VIS spectrum of Ag-NPs shows a 
non-defined shoulder with a maximum absorption at 410 nm, 
which is characteristic of surface resonant plasmons. It is 
possible that surface absorption of cysteine caused by the 
formation of a cysteine-AgNP complex produced plas- 
mon signals of AgNPs observed in the absorption spectra 
(Figure ^)?' 

On the other hand. Figure 3 shows sedimentation at 
different times of AgNPs obtained at high rates of agita- 
tion (800 rpm during 1 hour). Under these experimental 
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0.5 iig/mL 



Figure 5 Microbial growth kinetics of MRSA in the presence of AgNPs synthesized by cysteine-reduction at different conditions: (A) Type I; (B) Type 2; (C) Type 3. 
Abbreviations: AgNPs, silver nanoparticles; MRSA, methicillin-resistant Staphylococcus aureus; h, hours; OD, optical density. 



conditions, aggregation of NPs was rapid, producing large 
"clusters" of AgNPs, even 30 days after their formation. 
When the stirring speed is too high, coalescence forces could 
increase NP aggregation. Therefore, we established that it is 
possible to maintain stable NPs up to 3 months using agitation 
of 200 rpm (Figure IE and F). 



Table 3 MIC of AgNPs against Escherichia coli OI57:H7 and 
MRSA determined by the microdilution method 



Microorganism 



Type of 
AgNPs 



\lglmL 



\lglmL 



MIC„ 

\lglmL 



£ CO// OI57:H7 


1 


<0.25 


0.25 


0.50 




2 


1 


10 


20 




3 


0.50 


10 


10 


Methicillin resistant 


1 


<0.25 


0.25 


0.50 


S. aureus (MRSA) 


2 


<0.25 


0.50 


10 




3 


<0.25 


0.25 


0.50 


Abbreviations: AgNPs, 


silver 


nanoparticles; MIC, 


minimum 


inhibitory con- 



centration; MRSA, methicillin-resistant Staphylococcus aureus. 



Sandoval et al recently reported on the antibacte- 
rial activity of AgNPs in batch mode using multi-well 
culture microplates."^"^ In our study, the effect of AgNPs on 
E. coli 0151 -.HI and MRSA was also observed. Differences 
in the MIC were observed for the disc diffusion tests. The 
MRSA strain was more sensitive to AgNPs than E. coli 
0157:H7. Nevertheless, our results were more favorable 
than in other studies that reported a negligible inhibitory 
effect of AgNPs on E. colif'^^'^^ These differences could 
be attributed to differences in AgNP surface charge and 
gj2e.3i'46,47 Generally, NPs with smaller sizes have a large 
surface area available for interaction with the cell mem- 
brane, which could alter some primary functions of bacteria, 
such as permeability and cell respiration. According to our 
results, smaller NPs (Type 1) displayed high antibacterial 
activity against both pathogen strains. These NPs showed 
a mean hydrodynamic size of 36 nm, with low dispersion 
(Figure 1). Nevertheless, other authors have proposed that 
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E.co//0257:H7 




Methicillin resistant S. aureus (MRSA) 




Figure 6 Tests of diffusion discs showing antimicrobial activity against Escherichia coli OI57:H7 and MRSA of nanoparticles synthesized at different conditions. AgNPs were 
used at 1 0 |Lig/mL. (A) Type I ; (B) Type 2; (C) Type 3. 

Abbreviations: AgNPs, silver nanoparticles; MRSA, methicillin-resistant Staphylococcus aureus. 



the antimicrobial activity of AgNPs is also dependent on 
the initial concentration of bacteria. In our case, MIC^^ 
values for colloidal AgNPs synthesized using our method 
were in the range of 0.5-10 |lg/mL, with mean sizes of 
36 nm (Figures 4, 5 and Table 3). These NP sizes were 
determined by DLS and were in the same range as those 



Table 4 Inhibitory activities of AgNPs against Escherichia coli 
OI57:H7and MRSA 



Microorganism 



Type of 
AgNPs 



Concentration 
([Ig/mL) 



Inhibition 
zone (mm) 



£ CO// OI57:H7 1 


0.25 






1 


7 


2 


10 


5 




20 


7 


3 


10 


5 




20 


7 


Methicillin resistant 1 


0.25 




S. aureus (MRSA) 


1 


9 


2 


10 


10 




20 


12 


3 


10 


1 1 




20 


12 



Note: These tests were carried out by diffusion disc tests. 

Abbreviations: AgNPs, silver nanoparticles; MRSA, methicillin-resistant 
Staphylococcus aureus. 



from TEM measurements. However, DLS measurements 
showed larger sizes in comparison to TEM values (around 
10 nm), probably due to an agglomeration effect of AgNPs 
in water, which it is more dramatic at prolonged incubation 
times. However, this effect has been previously observed 
and may affect antibacterial activity. 

Interestingly, both^". coli 01 57:H7 and MRSA were very 
sensitive to the AgNPs. Using the same experimental condi- 
tions and AgNP concentrations used in the MIC experiments, 
it was observed that type 1 AgNPs were more active against 
E. coli 0157:H7 and MRSA from AgNPs concentrations of 
1 |lg/mL (Figure 9). In these studies, a longer lag phase and 
lower maximum absorbance (at 595 nm) was observed as the 
concentration of the NPs was increased, with a greater effect 
for MRSA than E. coli 0 1 57:H7. The antimicrobial effect of 
AgNPs has been also reported."^^ 

Nevertheless, Gram-positive MRSA bacteria were more 
sensitive for all AgNPs synthesized. Despite some reports 
that have shown that Gram-positive S. aureus are more 
resistant to AgNPs than Gram-negative E. coli,^^ our results 
showed that MRSA was more sensitive than E. coli at the 
same AgNP concentrations. This could be attributed to 
the structural differences of the external cell wall between 
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Figure 7 Bactericidal effect of AgNPs against Escherichia coH OI57:H7 and MRSA using different types of AgNPs. (A) Type I; (B) Type 2; (C) Type 3. 
Abbreviations: AgNPs, silver nanoparticles; MRSA, methicillin-resistant Staphylococcus aureus. 



Gram-positive and Gram-negative bacteria that determine 
cell permeability. Gram-negative bacteria have a lipopolysac- 
charide (LPS) layer that is able to exclude macromolecules 
and hydrophilic compounds,^^ and may be less susceptible 
to AgNPs and provide E. coli with intrinsic bacterial resis- 
tance to positive particles. However, Gram-positive bacteria 
(eg, MRSA) lack this LPS layer and are more sensitive to 
the bactericidal effects of AgNPs. Additionally, previous 
reports have confirmed greater antibacterial effects of AgNPs 
on Gram-positive bacteria than Gram-negative ones."^^'^^ 
Furthermore, Gram-positive bacteria have a cell wall consti- 
tuted by multiple layers of peptidoglycan and teichoic acid. 
These acids are chains of negatively charged glycerin. On 
the contrary, cell walls of Gram-negative bacteria possess 
great amounts of LPS, with an internal network of peptido- 
glycan of one layer. LPS plays an important role in bacterial 

Table 5 MBC of AgNPs against Escherichia coli 0 1 57:H7 and MRSA 



Microorganism 



Type of AgNP 



MBC \lglmL 



£ CO// OI57:H7 


1 


1 




2 


20 




3 


10 


Methicillin resistant 


1 


0.50 


S. aureus (MRSA) 


2 


10 




3 


1 



Abbreviations: AgNPs, silver nanoparticles; MBC, minimal bactericide concen- 
tration; MRSA, methicillin-resistant Staphylococcus aureus. 



defense, providing negative charge and stabilization to the 
cell membrane. ^^'^^'^^ For this reason, E. coli 0157:H7 and 
MRSA are susceptible to compounds positively charged by 
means of electrostatic interactions. 

However, our results suggest that the bactericidal activity 
of AgNPs is not only dependent on the lipid composition 
and charge of the cell membrane of bacteria. An interesting 
inhibitory effect was observed using disc diffusion tests, 
with inhibition for E. coli 0157:H7 and MRSA from AgNP 
concentrations of 10 |lg/mL and inhibition halos of 5 and 
10 mm, respectively (Table 4). 

These results show a good correlation with the data 
obtained by the microdilution method. However, this last 
methodology is more accurate than disc diffusion tests 
(Figure 6), because the inhibition halos were measured on 
agar plates with a precision of 1 mm, which may increase 
the relative errors on these measurements. However, the 
method illustrates the potential antimicrobial effects of 
AgNPs to different bacterial strains. Higher sensitivity of 
microdilution assays compared to disc diffusion tests can 
also be attributed to better interaction of AgNPs with bacte- 
rial cells when we used NP suspension and agitation, while 
the use of agar plates decreases the interaction between 
AgNPs and bacteria. By using these two methodologies, 
similar results of antibacterial activity have been obtained 
by other authors. 
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(Silver sol, Xmax =420 nm) 



Figure 8 Proposed reaction mechanism for the formation of Ag-cysteine complex. 



On the other hand, MBCs of 0.50 |lg/mL and 1 |lg/mL 
were achieved for ^. coli 0157:H7 and MRSA, respectively 
(Table 4). These MIC and MBC values are lower than reported 
in the literature for E. coli 0157:H7^o and MRSA.^^ ^his 
sense, AgNPs in suspension may release silver ions into the 
medium. These ions may interact with the negatively charged 
bacterial cell envelope, promoting its disruption. In addition, 
some studies have proposed the formation of "pores" in the 
bacterial cell membrane that alter both cell permeability 
and metabolic basic functions (eg, cell respiration), which 
causes bacterial cell death.^^ Other studies have proposed 
that colloidal silver can react with sulfhydryl groups on the 
cell wall to generate disulfide bridges, which would block 
respiration and cause further cell death. Moreover, some 
studies have proposed that treating E. coli with AgNPs can 
cause significant damage to the cell walls and result in their 
rupture. 



Additionally, the interaction of AgNPs with the external 
membrane causes the accumulation of protein precursors, 
promoting dissipation of the driving force of protons in the 
cell membrane. Nevertheless, there is still controversy about 
whether AgNPs can break the cell membrane or can go into the 
bacterial cytoplasm and interact with the cytoplasmic DNA of 
bacteria, and therefore, avoid DNA replication.'^'^'^^'^'^ However, 
there is clear evidence about the interaction of AgNPs with the 
cell membrane, either by interaction with sulfhydryl groups 
or electrostatics or the formation of "pits" by AgNPs. This 
collapses the cell membrane, causing entry of AgNPs into 
the bacteria, and consequently, cell death."^"^ Although we did 
not study the mechanism of action of AgNPs on E. coli and 
MRSA, our results suggest that factors such as positive charge 
and mean size determine bactericidal activity obtained for the 
AgNPs synthesized in this study. This suggests that AgNPs 
may be acting by a mechanism that involves interaction with 
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the cell membrane. In addition, we are performing toxicity 
tests in order to establish the effect of AgNPs on these strains. 
However, the literature has reported that from concentrations 
of 50 |ig/mL and AgNP sizes of 10 nm, a decrease of cell 
viability >50% is produced in both skin and lung cell lines. 
As our MIC results were lower than 50 jig/mL, it is probable 
than the cytotoxic effect will be negligible. 

In conclusion, the synthesis of AgNPs by chemical reduc- 
tion with cysteine was carried out. AgNPs were stabilized 
with CTAB, obtaining NPs with mean sizes in the range 
of 36-1 10 nm. These AgNPs presented excellent antibacte- 
rial properties against the pathogen bacteria E. coli 0 1 57:H7. 
Finally, development and fabrication of these AgNPs could 
be useful for both reducing the colonization of pathogen 



microorganisms and nosocomial infections, by means of 
NP use in chirurgic and medical materials such as catheters, 
probes, tubes, dressings, etc. 
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